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Abstract
We directly demonstrate quantum-confined direct band transitions in the tensile strained
Ge/SiGe multiple quantum wells grown on silicon substrates by room temperature
photoluminescence. The tensile strained Ge/SiGe multiple quantum wells with various
thicknesses of Ge well layers are grown on silicon substrates with a low temperature Ge buffer
layer by ultrahigh vacuum chemical vapor deposition. The strain status, crystallographic, and
surface morphology are systematically characterized by high-resolution transmission electron
microscopy, atomic force microscopy, x-ray diffraction, and Raman spectroscopy. It is indicated
that the photoluminescence peak energy of the tensile strained Ge/SiGe quantum wells shifts to
higher energy with the reduction in thickness of Ge well layers. This blue shift of the
luminescence peak energy can be quantitatively explained by the direct band transitions due to
the quantum confinement effect at the  point of the conduction band.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
An efficient light emitter on silicon compatible with silicon
processing technology is one of the key components in Si-
based photonic integrated circuits. A promising strategy for
photonic integrated circuits is to use the same active material to
make complementary metal–oxide–semiconductor field effect
transistors (CMOS) and photonic devices on silicon substrates.
Ge-on-Si is such an interesting platform due to its high carrier
mobility, quasi-direct band gap behavior and its compatibility
with silicon technology [1, 2]. The Ge direct-to-indirect band
separation is only 140 meV at room temperature and can be
further reduced by tensile strain, which has stimulated more
interest to pursue Ge direct band gap emission [3–5]. Liu et al
observed room temperature photoluminescence from 0.25%
tensile strained n-type Ge with high doping concentration [6].
Lim et al reported enhanced direct band gap emission from a
Ge ring resonator [7].
Ge/SiGe multiple quantum wells (MQWs) with Ge-
rich barriers have attracted more attention because their
optical properties are expected to exhibit close analogies
to those of direct-gap semiconductors. In 1994, Yaguchi
et al demonstrated quantum confinement in SiGe/Ge multiple
quantum wells grown on Ge substrates by photoreflectance
spectroscopy at 120 K [8]. Very recently, a strong quantum
Stark effect associated with the direct band transition has
been observed in compressively strained Ge/SiGe MQWs on
relaxed Ge-rich SiGe buffers by photocurrent and transmission
spectroscopy and electro-absorption modulators based on this
effect have also been demonstrated [9–11]. In addition,
low temperature photoluminescence related to the direct
band transition in compressively strained Ge/SiGe MQWs
on relaxed Ge-rich SiGe buffers has been observed [12].
As mentioned above, only compressive or fully relaxed Ge
quantum wells prepared on relaxed SiGe buffers or bulk
Ge substrates have been studied so far. However, in order
to efficiently reduce the direct-to-indirect band separation
in the Ge well, tensile strain in the Ge well layers is
preferable. Fortunately, the tensile strained Ge epilayer can
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be prepared on a silicon substrate during cooling processes
from elevated growth temperature to room temperature due
to the thermal expansion coefficient mismatch between Si
and Ge. In this way, we have prepared tensile strained Ge
virtual substrates and Ge/SiGe MQWs on them, and room
temperature photoluminescence from the structures has been
observed [13]. For further light emitting device design, it
is necessary to systematically characterize the tensile strained
Ge/SiGe structures and quantitatively study the dependence of
the optical properties on the material parameters in detail.
In this paper, samples of tensile strained Ge/SiGe
MQWs with various thicknesses of Ge well layers were
grown on Si substrates by ultrahigh vacuum chemical vapor
deposition. The strained Ge/SiGe MQWs on silicon substrates
were characterized by high-resolution transmission electron
microscopy (HRTEM), atomic force microscopy (AFM), x-ray
diffraction (XRD), Raman spectroscopy, and room temperature
photoluminescence (PL). The room temperature direct band
PL from these samples shows a strong quantum confinement
effect, which is in good agreement with the theoretical
prediction.
2. Experimental details
The samples were grown on 10 cm diameter n-type (001)
Si wafers with a resistivity of 0.1–1.2  cm by a cold-wall
ultrahigh vacuum chemical vapor deposition system, with a
base pressure of 3 × 10−10 Torr. After standard RCA (Radio
Corporation of American) etching and thermal cleaning of
the silicon substrate at 850 ◦C for 30 min, a 300 nm thick
Si buffer layer was grown at 750 ◦C. And then the growth
of the structures was divided into two steps. The first part
of the structure was a Ge-on-Si virtual substrate, including
a 90 nm low temperature Ge seed layer and 350 nm high
temperature Ge layer. Details of the growth process of this
Ge-on-Si substrate were described in [14]. The second part
was Ge/Si1−xGex MQWs with various thicknesses of Ge wells
and SiGe barriers grown on the Ge-on-Si virtual substrates at
500–600 ◦C. Three samples, labeled A, B, and C, consisting
of six periods of Ge/Si1−x Gex MQW were grown on the Ge-
on-Si virtual substrates with thicknesses of Ge well layers of
11 nm, 12 nm, and 15 nm, respectively. The thicknesses of
the SiGe barriers and Ge mole fractions in these layers are
evaluated to be 26 nm and 0.82 for sample A and 15 nm and
0.87 for samples B and C by HRTEM, XRD, and/or Raman
spectroscopy. The surface morphology of the samples was
analyzed by AFM (Seiku Instruments, SPI4000/SPA-400) in
a tapping mode. The PL spectra of the samples with Ge/SiGe
MQWs were measured at room temperature using a Ar+ laser
emitting at 488 nm. The excitation beam was focused onto the
samples with a spot of about 10 μm in diameter with a power of
25 mW and the emission was detected with an InGaAs detector
array cooled by liquid nitrogen.
3. Results and discussion
The surface morphology of the samples with Ge/Si1−x Gex




Figure 1. (a)–(c) Surface morphology images of samples A, B, and
C with Ge/SiGe MQWs measured with AFM.
figures 1(a)–(c). It is indicated that with the low temperature
Ge buffer layers the surface of all the samples is quite smooth
with a root mean square surface roughness in the range of 0.2–
0.4 nm within 1 × 1 μm2 AFM images.
Figure 2 depicts the cross-sectional HRTEM images of
sample A with six periods of Ge/SiGe MQWs on a Ge-on-
Si substrate. It indicates that the surface is smooth and few
dislocations in the Ge/SiGe MQWs are observed in the TEM
images. The perfect lattice match at the Ge/SiGe interface as
shown in the inset suggests that the alternating growth of SiGe
and Ge layers is pseudomorphic.
In order to determine the strain status and Ge mole fraction
in the Ge/SiGe MQWs, the samples were characterized by
XRD rocking curves and Raman spectroscopy. Figures 3(a)–
(c) show the measured and simulated XRD rocking curves of
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Figure 2. HRTEM images of sample A with Ge/SiGe MQWs on a
Ge-on-Si substrate.
Table 1. Material parameters of Ge/SiGe MQWs for samples A, B,














A 11 0.17% 26 0.82 (0.84) 1.0%
B 12 0.17% 15 0.87 (0.87) 0.71%
C 15 0.17% 15 0.87 (0.86) 0.71%
the samples of Ge/SiGe MQWs with various thicknesses of
Ge well layers. Five to six orders of superlattice satellites are
observed for all of the samples, which also indicate that these
samples have high crystal quality and a sharp interface between
Ge and SiGe layers, as demonstrated in the HRTEM images
in figure 2. We simulated the XRD rocking curves based on
the dynamical XRD theory to determine the structures of the
samples. The strain status, thickness of Ge wells and SiGe
barriers, and the Ge mole fraction in the SiGe barrier layers
are listed in table 1. The simulated diffraction curves with
these parameters are in good agreement with the experimental
data as shown in figure 3. The simulated thickness of Ge
wells and SiGe barriers, as well as the Ge mole fraction in
the SiGe barrier layers, are in good agreement with the TEM
measurements for sample A. The Ge epitaxial layers are under
a tensile strain of 0.17% for all of the samples. The Ge mole
fraction and tensile strain in the SiGe barrier layers are 0.82
and 1.0% for sample A and 0.87 and 0.71% for samples B and
C, respectively.
Raman spectra are also used to evaluate the Ge mole
fraction in the SiGe barrier layers, as shown in figure 4. In the
Raman spectra, the peaks locating at around 292 and 395 cm−1
are from the Ge–Ge mode and Si–Ge mode of the SiGe barriers
and the shoulders near 300 cm−1 are from the Ge–Ge mode
from pure Ge epilayers. For the samples with higher Ge
content (x > 0.5) in the SiGe layers, larger errors would
be introduced in the determination of the Ge mole fraction
by Ge–Ge and Si–Ge peak positions [15]. The values of Ge
mole fraction are then evaluated from the ratio of the integrated
intensity between the two peaks of Ge–Ge and Si–Ge modes in
Figure 3. (a)–(c) Measurement and simulation of XRD rocking
curves of samples A, B, and C with Ge/Si1−x Gex MQWs on a
Ge-on-Si virtual substrate.
this case. The relative integrated intensities of the modes are
expected to vary with the Ge mole fraction x as follows [16]:
I (Ge–Ge)/I (Si–Ge) = Bx/2(1 − x)
where the parameter B is tentatively chosen as 1 as there are
no available data for higher Ge mole fractions in SiGe alloys
at present. The values of Ge mole fraction in the SiGe layers
of the samples are then determined as shown in table 1 and are
consistent with those evaluated by XRD measurements for all
of the samples within the uncertainty of the measurements.
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Figure 4. Raman spectra of samples A, B, and C with Ge/Si1−x Gex
MQWs grown on Ge-on-Si virtual substrates. The Ge–Ge mode from
the Ge epilayer and the Ge–Ge mode and Si–Ge mode in SiGe layers
are indicated.
The strain in the Ge epilayer arises from the differences
in the thermal expansion coefficients and lattice constants
between Ge and Si. The dependence of the thermal expansion
coefficients of Si and Ge on temperature T can be expressed
by [17, 18]
αSi(T ) = (3.725 × {1 − exp[−5.88 × 10−3(T − 124)]}
+ 5.548 × 10−4T ) × 10−6 (K−1)
αGe(T ) = 6.050 × 10−6 + 3.60 × 10−9T
− 0.35 × 10−12T 2 (K−1).
The thermal expansion coefficient mismatch between Ge
and Si induces tensile strain in the Ge layers during the
cooling process from elevated growth temperatures to room
temperature [19], while the lattice mismatch between Si and
Ge should induce compressive strain in the Ge layers. A
combination of these two effects results in Ge epilayers under
tensile strain in this case. The smaller lattice constant of
the SiGe layer increases the tensile strain in the SiGe layer
pseudomorphically grown on the tensile strained Ge-on-Si
virtual substrate.
Room temperature PL of the samples with tensile strained
Ge/SiGe MQWs on silicon substrates was measured with an
exciting power of 25 mW at 488 nm wavelength, as shown
in figure 5(a). All of the PL spectra were normalized by the
system response. The spectra of the direct band luminescence
from all of the samples show broad bands with a distorted
shape in the range 0.85–0.92 eV. The distortion of the PL
spectra can be attributed to atmospheric water absorption, as
reported in [20]. To eliminate the effect of the atmospheric
water absorption on the determination of the peak energy, we
fit the direct band PL spectra following the processes described
in [20] and shown in figure 5(a) as dashed lines. It is clearly
shown that the peak energy decreases with the increase of the
thickness of Ge quantum well layers.
In order to quantitatively characterize the direct band
transition in the Ge well layers, the electronic states and band
gap structure are calculated by an effective mass approximation
method including the strain effects in the Ge and SiGe layers
using the parameters, (m∗e = 0.041m0+0.115(1−x)m0, m∗h =
Figure 5. (a) Room temperature PL of the tensile strained Ge/SiGe
MQWs of the samples A, B, and C; (b) dependence of PL peak
energy on the thickness of the Ge well layer. The calculated direct
band transition energy due to the quantum confinement effect at the
 point is plotted as a dashed line.
0.28m0 + 0.26(1 − x)m0, where m0 is the free electron mass
and x is the Ge content), as described in [3, 10, 11, 21–23].
A direct band gap value for bulk Ge of 0.816 eV is used in
the calculation for the PL peak energy [24]. The calculated
band discontinuities of electron, heavy hole, and light hole
at the  point between the wells and barriers are 270 meV,
158 meV, and 76 meV for sample A and 195 meV, 114 meV,
and 60 meV for samples B and C, respectively, due to the
difference of Ge mole fraction and strain levels in the SiGe
layers [5]. In this case, the spacing between the heavy hole and
light hole quantized states is about 2–3 meV for the thickness
of Ge quantum wells in the range of 11–15 nm. The calculated
direct band transition energy in the Ge/SiGe MQWs from the
ground states of the conduction band at the  point to the heavy
hole valence band (c1–HH1) due to the quantum confinement
effect depending on the thickness of Ge well layers is shown
in figure 5(b), in which the tensile strain induced reduction of
direct band gap energy is included. Also shown in figure 5(b) is
the fitted PL peak energy from samples A, B, and C, which is in
good agreement with the theoretical calculation. These results
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demonstrate that the room temperature PL originates from the
quantum-confined direct band transitions in the tensile strained
Ge wells and the peak energy shift is due to the increase of
energy separation at the  point in the tensile strained Ge/SiGe
MQWs. It is suggested that tensile strained Ge/SiGe MQWs
on Si substrate are one of the promising materials for Si-based
integrated photonic devices.
4. Conclusion
High crystal quality, tensile strained Ge/SiGe MQWs have
been grown on Ge-on-Si virtual substrates by ultrahigh
vacuum chemical vapor deposition. Quantum-confined direct
band transitions in the tensile strained Ge/SiGe MQWs have
been directly demonstrated by room temperature PL. The
dependence of the blue shift of luminescence peak energy
on the thickness of Ge well layers has been quantitatively
explained with the increase of energy separation due to the
quantum confinement effect at the  point.
Acknowledgments
The authors would like to thank W C Ding and B W Cheng
from the State Key Laboratory on Integrated Optoelectronics,
Institute of Semiconductors, CAS for their help in PL
measurements. This work was supported by the National
Basic Research Program of China (973 Program) under grant
No. 2007CB613404, the National Natural Science Foundation
of China under grant Nos 60676027, 50672079, and 60837001,
and the Program for New Century Excellent Talents in the
University and the Open Project of the State Key Laboratory
of Functional Materials for Informatics.
References
[1] Bojarczuk N A, Copel M, Guha S, Narayanan V, Preisler E J,
Ross F M and Shang H 2003 Appl. Phys. Lett. 83 5443
[2] Liu J F, Cannon D D, Wada K, Ishikawa Y,
Jongthammanurak S, Danielson D T, Michel J and
Kimerling L C 2005 Appl. Phys. Lett. 87 011110
[3] Liu J F, Sun X C, Pan D, Wang X X, Kimerling L C,
Michel J and Koch T L 2007 Opt. Express 15 11272
[4] Ngo T, Kurdi M, Checoury X, Boucaud P, Damlencourt J,
Kermarrec O and Bensahel D 2008 Appl. Phys. Lett.
93 241112
[5] Van de Walle C G 1989 Phys. Rev. B 39 1871
[6] Liu J F, Sun X C, Becla P, Kimerling L C and Michel J 2008
Proc. 5th IEEE Int. Conf. on Group IV Photonics p 16
[7] Lim P, Kobayashi Y, Takita S, Ishikawa Y and Wada K 2008
Appl. Phys. Lett. 93 041103
[8] Yaguchi H, Tai K, Takemasa K, Onabe K, Ito R and
Shiraki Y 1994 Phys. Rev. B 49 7394
[9] Kuo Y H, Lee Y K, Ge Y, Ren S, Roth J E, Kamins T I,
Miller D A B and Harris J S 2005 Nature 437 1334
[10] Tsujino S, Sigg H, Mussler G, Chrastina D and Kanel H V
2006 Appl. Phys. Lett. 89 262119
[11] Paul D J 2009 Phys. Rev. B 77 155323
[12] Bonfanti M, Grilli E, Guzzi M, Virgilio M, Grosso G,
Chrastina D, Isella G, Kanel H V and Neels A 2008 Phys.
Rev. B 78 041407
[13] Chen Y H, Li C, Zhou Z W, Lai H K, Chen S Y, Ding W C,
Chen B W and De Y Y 2009 Appl. Phys. Lett. 94 141902
[14] Zhou Z W, Li C, Lai H K, Chen S Y and Yu J Z 2008 J. Cryst.
Growth 310 2508
[15] Tsang J C, Mooney P M, Dacol F H and Chu J O 1994 J. Appl.
Phys. 75 8098
[16] Mooney P M, Dacol F H, Tsang J C and Chu J O 1993 Appl.
Phys. Lett. 62 2069
[17] Singh H P 1968 Acta Crystallogr. A 24 469
[18] Okada Y and Tokamaru Y 1984 J. Appl. Phys. 56 314
[19] Cannon D D, Liu J, Ishikawa Y, Wada K, Danielson D T,
Jongthammanurak S, Michel J and Kimerling L C 2004
Appl. Phys. Lett. 84 906
[20] Wagner J and Vina L 1984 Phys. Rev. B 30 7030
[21] Schaevitz R K, Roth J E, Ren S, Fidaner O and Miller D A B
2008 IEEE J. Sel. Top. Quantum Electron. 14 1082
[22] Kuo Y-H, Lee Y K, Ge Y, Ren S, Roth J E, Kamins T I,
Miller D A B and Harris J S 2005 Nature 437 27
[23] Crow G C and Abram R A 2000 Semicond. Sci. Technol. 15 7
[24] Haynes J R 1955 Phys. Rev. 98 1866
5
